Abstract: NMR spectroscopic changes as a function of pH in solutions of the pheromone-binding protein of Bombyx morĩ BmPBP! show that BmPBP undergoes a conformational transition between pH 4.9 and 6.0. At pH below 4.9 there is a single "acid form"~A!, and a homogeneous "basic form"~B! exists at pH above 6.0. Between pH 5 and 6, BmPBP exists as a mixture of A and B in slow exchange on the NMR chemical shift time scale, with the transition midpoint at pH 5.4. The form B has a welldispersed NMR spectrum, indicating that it represents a more structured, "closed" conformation than form A, which has a significantly narrower chemical shift dispersion. Conformational transitions of the kind observed here may explain heterogeneity reported for a variety of odorant-binding proteins, and it will be of interest to further investigate possible correlations with pH-dependent regulation of ligand binding and release in the biological function of this class of proteins.
Odorant-binding proteins~OBPs! occur at high concentrations in the lymph of insect olfactory sensilla and transport the hydrophobic odorant molecules from the periphery of the sensillum to the olfactory receptors~Pelosi & Maida, 1995; Pelosi, 1998; Steinbrecht, 1998 !. OBPs exist in three classes, i.e., pheromone-binding proteins~PBPs!, which were originally identified in moth sensilla responsive to pheromones, and two types of general-odorantbinding proteins~GOBP 1 and GOBP2!~Pelosi & Maida, 1995!. GOBP2 has recently been reported to bind plant odorants~Feng & Prestwich, 1997! and localizes to sensilla, which respond to plant odors. With regard to their role in stimulus recognition, some authors contend that OBPs are merely passive transport vehicles that increase the solubility of hydrophobic odorants in the aqueous lymph and protect them from degradative enzymes~Vogt & Riddiford, 1986; Van den Berg & Ziegelberger, 1991; Leal et al., 1998 !. Others propose that OBPs discriminate between different odorants either through differential binding affinity or variable conformational changes that would in turn be recognized by the receptor~Du & Prestwich, 1995; Ziegelberger, 1996 !. For a more detailed understanding of the functional roles of OBPs, structural studies are clearly in order. A crystal structure of a high pH form of the PBP from Bombyx mori~BmPBP! has recently been reported~Sandler et al., 2000!, and several other papers on structural characterization of insect OBPs are on record~Prestwich, 1993; Maïbèche-Coisné et al., 1998a; Campanacci et al., 1999 ! of which some provide evidence for structural heterogeneity exhibited by this class of proteins~Ziegelberger, 1995; Nagnan-Le Meillour et al., 1996; Maïbèche-Coisné et al., 1998b !. Here, we report on the use of NMR for an initial structural characterization of multiple conformational states of BmPBP in solution, which binds pheromone produced by females of this moth species.
Samples of the 142-residue protein BmPBP were prepared using a standard overexpression system in Escherichia coli and purified with affinity chromatography followed by exchange into pure H 2 O and lyophilization to dryness. Although samples appeared homogeneous by mass spectrometry and chromatography, 1 H-15 N correlation spectroscopy~COSY! of the protein redissolved in 50 mM phosphate buffer at pH 5.5 indicated the presence of at least two forms, based on the observation of nearly double the number of peaks expected from the primary structure. This NMR observation motivated a detailed study of the effects of different purification protocols and solution conditions on the presence of multiple forms of the protein. Circular dichroism~CD! and fluorescence measurements indicated that changes in the tertiary structure of the protein are induced by pH variations in the range 4.5-6.0~Wojtasek & Leal, 1999!. Moreover, both at pH 4.5 and 6.5, the @ 1 H, 15 N#-COSY spectra are consistent with a homogeneous sample of BmPBP.
Comparison of the spectra of BmPBP at pH 5.5 with those of the homogeneous samples at pH 4.5 and 6.5 indicated that the excess resonances observed might simply correspond to a mixture of the two conformations A and B. This paper now describes a detailed study of the pH-dependent conformational equilibria in aqueous solutions of BmPBP.
Results and discussion: At pH 5.5 the @ 1 H, 15 N#-COSY spectrum of BmPBP contains a large excess of cross peaks relative to the number expected from the primary structure~Fig. 1A!. Less crowded spectra are obtained when the pH is lowered or raised~Fig. 1B,C!, and the spectra at pH 4.5 and 6.5 are used to define the conformations A~"acid form"! and B~"basic form"!. Based on the sequence of BmPBP, there should be 138 backbone amide signals 142 residues with 3 prolines! and 30 side-chain 15 N-1 H signals 13 Asn and Gln NH 2 , 3 Trp and 1 Arg N-H! to give a total of 168 peaks. These numbers correspond closely to the observed number of peaks seen in the A-form and identically to that seen in the B-form of BmPBP~Fig. 1B,C!. Compared to the chemical shift dispersion for conformation A, the conformation B shows a markedly increased dispersion~this is also reflected in the aromatic resonances; data not shown!. Comparison of resonance positions in the two spectra reveals that only ;30 of the 168 resonances from the two forms are in "identical positions," i.e., within 0.02 and 0.10 ppm in the 1 H and 15 N dimensions, respectively. Thus, the pronounced chemical shift differences between the @ 1 H, 15 N#-COSY data sets of A and B give a first indication of conformational differences between the two forms of the protein.
To characterize the pH transformation of BmPBP in more detail, we titrated the NMR sample from pH 6.5 down to 4.5 and back up to pH 6.5, and monitored the changes with @ 1 H, 15 N#-COSY spectra. One-dimensional slices through well-separated peaks of the two forms clearly show continuous pH-dependent changes in signal intensity without significant variation of chemical shift or line shape~Fig. 2A,B!. Peaks corresponding to conformation B gradually disappear as the pH is lowered, and peaks from conformation A grow in intensity until B is completely replaced by A and the changes are reversed when the pH is raised again to pH 6.5 Fig. 2A ,B!. The volumes of about 40 well-resolved peaks of each of the two species were integrated and their pH dependence determined. For each form, all these peaks show a simultaneous change in integral with pH, indicating a global transition from B to A. Therefore, for a quantitative characterization of the transition from one form to the other, the average signal-to-noise ratio was determined for the two groups of peaks as a function of pH and was normalized to the sum of the average signal-to-noise values from A and B to represent the relative amounts of each species as a function of pH~Fig. 2C!. For this analysis, which yielded a midpoint of pH ϭ 5.4 for the transition between A and B~Fig. 2C!, 37 peaks of form A and 43 peaks form B were used. Form B is the only detectable species between pH 6.5 and 6.0. Between pH 5.8 and 5.1, A and B coexist in slow exchange on the NMR chemical shift timescale, i.e., the lifetimes of both A and B with respect to interchange are longer than milliseconds. Between pH 4.9 and 4.5, only conformation A is detected. We have made additional measurements at pH 4.2 and 7.6, and only the forms A and B, respectively, are detected under these conditions. Two isoforms of OBPs with identical molecular weight and N-terminal sequence but different native gel mobility or high Gln. This spectrum was observed over the pH range 4.2-4.9, and we assign it to the form A~"acid form"!. C: pH 6.5. The spectrum consists of 168 peaks, of which 13 pairs with identical 15 N chemical shifts represent side-chain NH 2 signals. This is in exact agreement with the total number of peaks expected for BmPBP. This spectrum was observed over the pH range 6.0-7.6, except that some peaks disappeared at higher pH due to exchangebroadening, and we assign it to form B~"basic form"!. performance liquid chromatography~HPLC! retention times have been reported in several species~Nagnan-Le Meillour et al., 1996; Danty et al., 1998!. Although it was proposed that these isoforms might differ due to chemical modifications not detected by mass spectroscopy, such as deamidation, it seems plausible in light of our data that these multiple isoforms might be slowly interconverting isomers. Indeed, multiple isoforms of odorant binding proteins from a scarab beetle were identified as different conformations of the same protein and demonstrated to have different affinities for the same ligand~Wojtasek & Leal, 1999!. In B. mori a large number of PBPs and GOBPs have been distinguished by slight differences in pI, with pI values ranging from 4.6 to 5.0~Maida et al., 1997!, so that some of these species might actually correspond to two forms of the same protein. In addition, the pheromonebinding protein from the moth species Antheraea polyphemus was reported to also show substantial pH-dependent changes in the NMR spectra at values below pH 5.6~Du et al., 1994!. There are thus indications that PBPs and other OBPs may have a common property of existing in two or multiple slowly interconverting forms in slightly acidic solution. 4 Similar experiments as described in this paper were performed with other preparations of BmPBP that had been prepared with somewhat different protocols. In some of these other preparations, the protein showed nonreversible behavior with respect to pH titration. Typically, in these samples the form B was converted completely into form A when the pH was lowered to 4.5, but the form A did not completely convert back into the form B when the pH was raised back up to 6.5, resulting in samples containing as much as 50% of the form A at neutral pH. These samples could in all cases be converted into homogeneous form A by lowering the pH again to 4.5. Materials and methods: The expression of BmPBP in E. coli has been described previously~Wojtasek !. Expression of the 13 C, 15 N doubly-labeled protein was performed in M9 minimal medium supplemented with thiamine~10 mg0L!, biotin~2 g0L!, ZnSO 4~2 0 mM!, FeSO 4~1 0 mM!, carbenecillin~50 mg0L!, 15 NH 4 Cl~1g0L!, and 13 C glucose~3 g0L!. The cell culture was grown at 28 8C, and protein production was induced using 0.15 mM isopropyl-b-d-thiogalactoside~IPTG! when the cell density reached OD 600 of 0.9. After induction for 2 h, cells were harvested~Wojtasek & Leal, 1999! and the periplasmic fraction was isolated by freeze and thaw cycles~Leal et al., 1999!. The labeled protein was purified by ion exchange chromatography~DEAE, Hydroxyapatite, and MonoQ! and gel filtration~Superdex 75!. Pooled fractions containing labeled BmPBP were concentrated in a Centriprep-10, desalted on a HiTrap desalting column~Sephadex G-25 SF, 2 ϫ 5 mL; Amersham Pharmacia Biotech, Piscataway, New Jersey!, frozen in liquid nitrogen, and lyophilized. The mass of the protein was confirmed by electrospray ionization mass spectrometry on a Hewlett-Packard 1100 Series LC0MSD. HPLC separations were achieved on a Zorbax 300CB-C8 column~2.1 ϫ 150 mm; 5 mM! using water and acetonitrile with 2% acetic acid as a modifier in both solvents and a gradient from 20 to 80% acetonitrile in 15 min, at a flow rate of 0.2 mL0min. The MSD parameters, which were operated in the positive mode, were: skimmer collision-induced dissociation voltage~fragmentor!, 120 V; drying gas flow, 6 L0min; nebulizer pressure, 45 psi; nebulizer temperature, 300 8C; capillary voltage, 3,500 V. Purity of the samples was verified as described previously~Wojtasek The NMR sample used here was initially prepared by dissolving 1 mg of 13 C0 15 N-labeled BmPBP lyophilized from H 2 O in 0.5 mL of 50 mM potassium phosphate buffer at pH 7.3 containing 2 mM NaN 3 , and then adjusting the pH to 6.5 by small additions of HCl solutions. Subsequent pH adjustments were made by adding small aliquots of HCl and NaOH solutions, and pH measurements were made in the NMR tube using a Phillips pH meter with an NMR electrode. pH titration from 6.5 to 4.5, and from 4.5 back up to 6.5 was performed by incrementing the pH through the values 6. 5, 6.2, 6.0, 5.8, 5.5, 5.3, 5.1, 4.9 , and 4.5, and vice versa~Fig. 2!. The initial spectrum at pH 6.5~Fig. 1C! was identical to the final spectrum at pH 6.5, at the end of the titration down to 4.5 and back up to the starting value~data not shown!. @ 1 H, 15 N#-correlation spectra used for pH titration were measured using a Varian INOVA 400 MHz spectrometer equipped with a triply tunable probehead with an actively shielded Z-gradient unit. Spectral widths were 40 and 15 ppm in the 15 N and 1 H dimensions, with t 1max ϭ 190 ms and t 2max ϭ 226 ms. All @ 1 H, 15 N#-correlation spectra were measured using the fast heteronuclear single quantum coherence scheme with a WATERGATE sequence for solvent suppression~Mori et al., 1995!. Decoupling of 15 N during detection was achieved using WALTZ16 modulation with a 1.4 kHz radio-frequency field.
13 C was decoupled in the indirect dimension by a 1808 13 C pulse. The carrier frequencies for 1 H, 13 C, and 15 N were 4.70, 65.0, and 116.5 ppm, respectively. All data were obtained at 22 8C and referenced to 2,2-dimethyl-2-silapentane-5-sulfonate~DSS!. The NMR data were processed with the program PROSA~Güntert et al., 1992!, using unshifted cosine window functions for data apodization after zero-filling once in each dimension. For the interactive peak-picking, we used the XEASY package~Bartels et al., 1995!, and peak integration was achieved using the subroutine peakint from XEASY.
